Prostate cancer (PCa) is the second most common cancer among men worldwide. Its etiology remains largely unknown compared to other common cancers. We have developed a risk stratification model combining environmental factors with family history and genetic susceptibility. 818 PCa cases and 1,006 healthy controls were compared. Subjects were interviewed on major lifestyle factors and family history. Fifty-six PCa susceptibility SNPs were genotyped. Risk models based on logistic regression were developed to combine environmental factors, family history and a genetic risk score. In the whole model, compared with subjects with low risk (reference category, decile 1), those carrying an intermediate risk (decile 5) had a 265% increase in PCa risk (OR = 3.65, 95% CI 2.26 to 5.91). The genetic risk score had an area under the ROC curve (AUROC) of 0.66 (95% CI 0.63 to 0.68). When adding the environmental score and family history to the genetic risk score, the AUROC increased by 0.05, reaching 0.71 (95% CI 0.69 to 0.74). Genetic susceptibility has a stronger risk value of the prediction that modifiable risk factors. While the added value of each SNP is small, the combination of 56 SNPs adds to the predictive ability of the risk model. Prostate cancer (PCa) is, after lung cancer, the second most common cancer among men worldwide. The incidence of prostate cancer is increasing in all countries, especially in western countries 1 , on the one hand, due to the population aging and increased exposure to environmental risk factors, and secondly, due to the generalization of screening and improved diagnostic techniques. This, together with decreasing mortality from the disease, has contributed to the increase in prevalence. In Spain in 2015, 27,853 new cases and 5,481 deaths are estimated 1 . Despite its considerable impact, the etiology of prostate cancer remains largely unknown compared to other common cancers. The only well-established risk factors for PCa are advanced age, family history, and ethnicity [2] [3] [4] [5] [6] . Other factors such as diet (a high-calorie or high-fat diet, and high level of cholesterol, high consumption of meat products, fruits, fish, milk, dairy foods, dietary calcium and dietary vitamin D, and spirits), high BMI, weight, waist circumference, physical inactivity and inflammation have been proposed as risk factors for PCa 7-13 , but their role in prostate cancer etiology remains unclear.
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, on the one hand, due to the population aging and increased exposure to environmental risk factors, and secondly, due to the generalization of screening and improved diagnostic techniques. This, together with decreasing mortality from the disease, has contributed to the increase in prevalence. In Spain in 2015, 27,853 new cases and 5,481 deaths are estimated 1 . Despite its considerable impact, the etiology of prostate cancer remains largely unknown compared to other common cancers. The only well-established risk factors for PCa are advanced age, family history, and ethnicity [2] [3] [4] [5] [6] . Other factors such as diet (a high-calorie or high-fat diet, and high level of cholesterol, high consumption of meat products, fruits, fish, milk, dairy foods, dietary calcium and dietary vitamin D, and spirits), high BMI, weight, waist circumference, physical inactivity and inflammation have been proposed as risk factors for PCa [7] [8] [9] [10] [11] [12] [13] , but their role in prostate cancer etiology remains unclear.
Hereditary component accounts for up to 42% of the PCa risk, including individual and combined effects of rare highly penetrant genes, common weak penetrant genes, and genes that act in concert with others [14] [15] [16] . In fact, it has been shown that PCa is the neoplasia with a higher hereditary component 15 . However, to identify genetic variants associated with the disease is not being an easy task. To establish which genetic factors play a role in the development and progression of prostate cancer could help to determine who is at greatest risk, leading to early detection and/or developing new therapeutic treatments. Studies of genome-wide association (GWAS) are being designed with increasing statistical power in order to identify genetic variants associated with complex human diseases 17 . GWAS through massive genotyping case-control comparison have allowed for the discovery of dozens of SNPs associated with diseases other than genetic etiologies. Since 2006 more than 76 SNPs related with PCa risk have been cataloged, explaining 30% of the heritability of PCa 18 . Each separate allele confers a small individual risk (odds ratios [OR] between 1.06 to 1.79 per allele) [18] [19] [20] . The detection of these risk alleles in an individual, together with the value of prostate specific antigen (PSA), family history and environmental factors, could increase the specificity and sensitivity of PCa diagnostic tests. In this study, we have developed a risk stratification model that combines environmental factors with family history and genetic susceptibility. We evaluated the relative contribution of these factors and the utility of the model for risk stratification and public health intervention.
Methods
Study design and population. The Multi Case-Control (MCC-Spain) study is a population based case-control study of common tumors in Spain and has been described elsewhere 21 . It has been carried out in 23 hospitals and primary care centers in 12 Spanish provinces. The recruitment includes incident cases of colorectal, breast, stomach and prostate cancer or chronic lymphocytic leukemia diagnosed between September 1st, 2008 and December 31st, 2013. All cases were incident and pathology-confirmed, aged between 20 and 85 years old and resident within the influence area of the hospital at least 6 months prior to recruitment.
In this paper, 818 cases of prostate cancer (ICD-10: C61, D07.5) and 1,006 frequency-matched controls with genotype data were considered. Controls were men whit no prior history of prostate cancer living in the same catchment area as cases; they were randomly selected from the rosters of General Practitioners at the Primary Health Centers. Controls were frequency-matched to cases by 5-year age groups and study area. Among these cases and controls, there were only two Arabic individuals (one case and one control); the rest of the participants were White/Caucasian. Response rates varied between centers and were on average 74% among cases (range 47-94%) and 54% (range 30-94%) among controls with valid telephone numbers in the PHC rosters.
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee, and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. The protocol of MCC-Spain was approved by each of the ethics committees of the participating institutions. The specific study reported here was approved by the Ethical Committee of Clinical Research of Asturias, Barcelona, Cantabria, Girona, Gipuzkoa, Huelva, León, Madrid, Navarra and Valencia). Informed consent was obtained from all individual participants included in the study.
Data collection.
Participants were interviewed face-to-face by trained interviewers who used a comprehensive epidemiological questionnaire that assessed socio-demographic information, personal and family history of cancer, anthropometric data, smoking habits and physical activity habits, water consumption, reproductive and medical history and medication/drug use. Diet was assessed with the use of a validated semi-quantitative Spanish Food Frequency questionnaire (FFQ), which was modified to include regional products 22 . The FFQ included 140 food items, and assessed usual dietary intake for the previous year. Blood samples were obtained following the study protocol.
Participant's weight was self-reported, as estimated one year before diagnosis for cases and for controls. Their body mass index (BMI) was calculated from self-reported weight and height noted the year prior to the diagnosis of cases and one year before to the interview for controls. Similar estimates provided total energy consumption. Physical activity was recorded for all jobs and also recreational physical exercise.
Modifiable and non modifiable risk factor score. Only variables previously reported with PCa have been considered for the development of risk models 23 . The variables considered were: family history of PCa (none versus first or second or third-degree); cigarette smoking, grouped into non-smokers and smokers (including former and current); average alcohol consumption between 30 to 40 years old (in standard units of alcohol, SUA) and spirits categorized in tertiles. To ensure that the exposures were prior to the effect, it was decided to collect alcohol consumption in the past (30-40 year-old). It appears that some prostate cancers can pass through a latency period of up to 15 to 20 years, during which the disease is histologically present but has not yet come to attention. However, we do believe that trying to record dietary in the same way would be strongly biased as it is not expected participants could complete a diet questionnaire after such a long period. Alcohol consumption during the previous year has been collected and the results are very similar to those of the past. BMI (calculated with the weight reported one year prior to the interview for controls and one year prior to the diagnosis for cases). It was categorized according to The World Health Organization criteria: underweight, normal weight and overweight (<30 kg/m2) versus obese (≥30 kg/m2); weight and waist circumference were categorized in tertiles. Average physical exercise, measured from self-reported leisure-time activity performed in the past 10 years was used to estimate the Metabolic Equivalent of Task (MET) per hour per week, calculated using the Ainsworth's compendium of physical activities 24 , and categorized according to the WHO's classification in light/moderate/vigorous (using thresholds: 3 and 6 METs) 25 . Red meat consumption, that included meat from mammals (cattle, ox, veal, beef, pork, etc.), from game (duck, pheasant, etc.), offal (liver, brains, etc.), cured meat (ham, bacon, etc.) and processed meat (hot dogs, sausages, meat balls, etc.). High intake of red meat was considered eating ≥65 g/day (it is average meat consumption among controls); vegetables and fruit separately, classified as low or high intake SCIENtIFIC REPoRtS | 7: 8994 | DOI:10.1038/s41598-017-09386-9 using 200 g/day as cut-off, following the strategy to reduce the prevalence of noncommunicable diseases launched by WHO in 2004, which includes five or more servings of fruit and/or vegetables per day (≥400 g/day) 26 . Fish, milk, dairy foods (including milk, yogurt and cheese), dietary calcium and vitamin D were categorized in tert too. We have introduced categorization into tertile in order to avoid making specific assumptions about the shape of their relationship with the outcome and minimize the influence of outliers.
Genotyping and SNP selection for the genetic risk scores. The genotyping was performed using the Infinium Human Exome BeadChip (Illumina, San Diego, USA) that includes >200 000 coding markers plus 5000 additional custom SNPs selected from previous GWAS studies or in genes of interest.
Genomebrowser 27 was used to identify those genetic variants associated with PCa through genome-wide association studies (GWAS) in which the "reported trait" was prostate cancer with a p-value threshold of 5 · 10 −8 , apparent in the population with European ancestry population (initial or replication sample). For this analysis, we could include 62 of these PCa susceptibility variants: 51 were included in our genotyping array, and another 11 variants, not included in our Exome BeadChip, were also estimated through a "proxy", considered as such a SNP genotyped in our array that was in linkage disequilibrium (LD) (r 2 > 0.8) with them according with 1000 Genomes data. For proxy search, we used "SNP Annotation and Proxy Search" (SNAP) 28, 29 with the following inputs: "1000 Genomes Pilot 1" as SNP data set, CEU population as "panel" chosen, 0.8 as "r 2 threshold", and a distance of 500 kilobases between the query SNP and the proxy SNP. In each case, we selected the proxy SNP with the highest r 2 that was genotyped in our array. Finally, six of the 62 SNPs had to be eliminated because they were in linkage disequilibrium with other snps (r 2 > 0.8 
Statistical analysis.
Multivariate logistic regression models were used to build risk models. All models were adjusted to a propensity score 30 to avoid bias related to differences in case and control selection frequencies. The propensity score model was constructed as the individual prediction (in logit scale) of a logistic regression in which case/control status was modeled with age, level of education, recruiting center, and the first 3 principal components of genetic ancestry obtained from GWAS genotyping data. The propensity score was added as a continuous variable to adjust the risk models.
An environmental risk score (ERS) was built and included all covariates with a p value ≤ 0.20 and that can be modified (diabetes, weigh, BMI, alcohol and red meat). This score was built by logistic regression, by adding the estimated beta coefficients of the above indicated risk factors. The results are presented as odds ratios (OR) with 95% confidence intervals (CI) by deciles of the ERS. All p-values given are two tails. Family history of PCa was not considered in this environmental score since it is not modifiable, and its effect was assessed as a separate factor.
To assess genetic susceptibility, an additive genetic risk score was elaborated. Each SNP was coded as 0, 1 or 2 copies of the sample risk allele, defined as the allele with highest PCa risk, except for the SNP rs5945572 in chromosome X that was coded 0 or 1.
We elaborated a genetic risk score (GRS) by adding the beta coefficients obtained in the logistic regression analysis. We avoided using published weights, which could be overestimated.
Results are reported as odds ratios (OR) with 95% confidence intervals (CI) by decile of the GRS. All reported p-values are two-tailed.
The predictive accuracy of models was assessed with the area under the ROC curve (AUROC), adjusted for the propensity score. Weights were proportional to the number of cases in each decile. A 95% CI was calculated for the AUROC using bootstrapping techniques for internal validation, using 1000 replications. The bootstrap principle is to sample the empirical distribution from which the data originated (i.e. sampling with replacement of observed data) 31 . The performance estimate were corrected by optimism 32 . For analyzing whether a score adds or not to the predictive ability of another score, we estimated the net reclassification improvement (NRI), the integrated discrimination improvement (IMI) and the improvement in the AUROC. The goal for a score is to classify prostate cancer cases and controls adequately; when two scores -say ERS and GRS-are compared, GRS would classify some cases better than ERS and some others worse; likewise, GRS would classify some controls better and some others worse. NRI 33 is the net sum of classifying cases and controls better using GRS rather than ERS:
It is noteworthy that NRI can only be applied when both scores are nested one in each other, as it is the case between ERS and GRS, because the risk of prostate cancer is the sum of genetic and environmental risk factors. In this article, we use the continuous version of NRI 34 . While NRI measures the improvement in classification, IMI estimates the improvement in predicted probability. A better score is expected to predict higher probabilities in cases and lower probabilities in controls than a worse score. Therefore, IMI is defined as 33 
:
To estimate the potential public health impact of the environmental and genetic risk scores, we applied the estimated relative risks (ORs) to average population PCa incidence estimations published by The International Agency for Research on Cancer (IARC). Data was extracted from GLOBOCAN 2012: estimated cancer incidence, mortality and prevalence worldwide in 2012 35 . Average age specific incidence rates for the Spanish population were projected according to combinations of environmental and genetic risk scores to define risk strata. For these estimates, the published rates were multiplied by the ORs estimated from out risk models. We used the average number of risk factors and risk alleles in the population as reference category for these calculations.
Statistical analysis was carried out using the package Stata 14/SE (StataCorp, College Station, Tx, US).
Results
Population description and modifiable risk factor score. Figure 1 shows the distribution of the environmental score for cases and controls, and the estimated risk of PCa according to the deciles of the estimated beta coefficients of the risk factors.
Genetic risk score. Out of 56 GWAS SNPs analyzed, only 26 were statistically associated with PCa in our data. There were eight (rs2660753, rs7629490, rs9364554, rs7758229, rs6465657, rs4242382, rs4430796, rs17632542) for which the association is significant only for the heterozygous genotype. (Supplementary Figure 1 and 2). The less frequent allele was protective in 9 SNPs, and increased the risk in the remaining 9 SNPs. The genetic risk score (GRS) built by adding the estimated beta coefficients had an average of 7.5 in cases and 6.9 in controls (Fig. 1) ; the GRS was significantly associated with PCa, with an average per unit OR of 2.05 (95% CI 1.79 to 2.36).
As shown in Fig. 1 , the increase in risk per GRS decile was almost linear, indicating the independent additive contribution of each beta coefficients to the genetic risk score. Compared to subjects scoring 4.5-6.00 (reference category, decile 1), those scoring 6.95-7.19 (decile 5) had a 265% increase in PCa risk (OR = 3.65, 95% CI 2.26 to 5.91), while PCa risk in subjects with scoring 8.32-10.30 (decile 10) was 7 times higher than that of the reference category (OR = 7.70, 95% CI 4.72 to 12.58). The GRS was independent of modifiable environmental variables and no significant interactions were observed between the genetic risk score and age or any of the environmental variables included in the multivariate model. The Supplementary Figure 1 shows the same figure but for the environmental score. Compared with decile 1 (reference), statistical significance was only reached from the decile 7 on, although with less magnitude than in the genetic risk score.
Estimating the potential public health impact of a risk model to stratify screening or modify risk factors in the average Spanish risk population. Figure 2 shows the contribution to PCa risk prediction that was estimated for modifiable environmental risk factors, family history and the genetic risk score. The individual (blue line) and cumulative (red line) represent the contribution of each environmental factor to the risk. The cumulative contribution of the five environmental factors resulted in an area under the roc curve (AUROC) of 0.57 (95% CI 0.54 to 0.60). Family history increased the AUROC to 0.62 (95% CI 0.59 to 0.64). The genetic risk score, on its own, had an AUROC of 0.66 (95% CI 0.63 to 0.68). When adding family history to the GRS model, the AUROC increased to 0.68 (95% CI 0.66 to 0.70); if the environmental score was also added, the AUROC reached 0.71 (95% CI 0.68 to 0.74).
The heterogeneity of prostate cancer plays an important and particular role with respect to the association with many of the environmental risk factors, although, when considering the heterogeneity of prostate cancers, we observed that the AUC was very similar in all strata observed. In Supplementary Table 3 , we compared the AUC according to the age, the aggressiveness of the tumor (measured with the Gleason score) and the stage at diagnosis and we observed that, in general, the AUC was very similar in all the strata with respect to the global model, since the maximum observed change was in the 3rd decimal. The genetic score added the most to the predictive ability, reaching an AUROC of 0.75 in people under 65 years old (95% CI 0.71 to 0.79). Improvement in risk prediction by adding more scores on GRS components was measured with three indicators: net reclassification index (NRI), integrated improvement of discrimination (IDI) and improvement in AUROC, the results of which are shown in Table 3 . Adding ERS to GRS improved patient classification by 14% (NRI = 0.142) with marginal improvements in IDI and AUROC. The difference in the odds of having prostate cancer between cases and controls almost did not improve anything (IDI = 0.009). However, the addition of GRS to ERS scored 43% in NRI (NRI = 0.428) and the difference in odds of prostate cancer between cases and controls improved by 5% (IDI = 0.054).
A simple calculation of the relative risk could be done through the following risk score (RS) equation: RS = 2.47
(ERS-0.94) * 3.32 FH * 2.05 . This is how Fig. 3 was constructed: An individual with the average exposure in the population (i.e.: with no family history (FH = 0), 0.94 points in the environmental score and 6.98 points in the genetic score) would have the average population risk (RS = 1). When applied to a specific subject, this equation gives his relative risk with respect to the average population; for instance, a subject with 1 points in the environmental score, family history and 7 points in the genetic score would have a RS of 3.5 times the average risk. These relative risk estimates can be applied to specific incidence rates for a population to derive the absolute risk estimates. For example, Spanish cancer incidence data was used to estimate the proportion of the population 
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Continued that might be included within a high-risk category sufficient to merit more intensive PCa screening and/or lifestyle intervention. Figure 3 displays how age-specific incidence curves are shifted according to the risk score. It can be observed that, between 50 and 70 years of age, incidence grows exponentially when considering RS > 1. On the other hand, with RS < 1 incidence also grow, but in a smoother fashion. For instance, a hypothetical individual with an RS of 3 reaches the highest incidence level of the average population (RS = 1) between 55 and 64 years old, instead of between 70 and 74, as the latter does (10-20 years earlier, approximately).
Discussion
We have evaluated the potential usefulness of a model for predicting risk of PCa, which combines modifiable risk factors (lifestyle) with family history of PCa and genetic risk score based on the susceptibility of 56 SNPs. We have observed that genetic susceptibility has a stronger predictive value than modifiable risk factors. While the added value of each SNP is small, the combination of 56 SNPs adds to the predictive ability of the risk model.
Although the identified SNPs have small effects (PCa risk only increases by 10% per allele overall), their addition seriously improves the prediction model. Thus, our analysis has shown that the genetic risk score has a much stronger predictive capacity than the score of environmental score (AUROC for the genetic score: 0.66 vs. AUROC from the environmental score: 0.57). This is consistent with the literature as the PCa hereditary component accounts for up to 42% of the risk 15, 16 , being the cancer with higher hereditary burden 15 . Moreover, twin studies have demonstrated 50% higher risk in monozygotic than dizygotic twins, which means that inherited factors are responsible for familial aggregation of PCa, well above that of environmental factors 15 . The inclusion of additional genetic variants of the established regions of susceptibility to prostate cancer improves the prediction of the disease. Our model improves the predictive accuracy reported by Agalliu using a genetic score for PCa with , which suggests that genetic scores elaborated by adding the main effects of a number of SNPs would be close to saturation. As the estimated inheritance for PCa is not fully explained with these scores, further research on gene-gene and gene-environment interactions is required, which could require original designs or huge amounts of data.
A possible application of our genetic score is its potential ability to classify people according to their genetic risk, which would be useful in developing risk-specific strategies for PCa screening. Although using prostate specific antigen (PSA) for PCa screening had been endorsed by several organizations [38] [39] [40] , the current USPSTF recommendation is against it 41 . The lack of well-established environmental risk factors makes it impossible to individualize recommendations for PSA screening according to individual risk. However, as genotyping techniques are getting cheaper, a genetic score could help in stratifying people according to their PCa genetic risk, making screening individualization doable.
On the other hand, our study confirms that family history of prostate cancer is the most important risk factor for PCa. Our relative risk estimate (OR = 3.32) is consistent with the relative risks among 2 and 4, which have been reported in other studies, including multiple reviews and meta-analyses 42, 43 . Finally, we were not able to replicate the risk associated with low consumption of vegetables, fruits or fish, high alcohol consumption or spirits, milk, dairy foods, dietary calcium or vitamin D, smoking, obesity and lack of physical activity in leisure time. Only high intake of red meat was associated as an independent risk predictor of prostate cancer. On average, high consumption of red meat increases the risk of PCa by 31%. Similar results have been published relating the high consumption of meat and meat products with PCa risk 9, 44, 45 . Also, an alcohol consumption, between 8 and 21 grams day (second tertile) increased the risk of prostate cancer by 39%. Inconsistent results have been found on the relationship between alcohol consumption and prostate cancer. In a recent meta-analysis by Zhao J. et al. 46 a significant dose-response relationship between the level of alcohol consumption and the risk of prostate cancer from low volume consumption (>1.3, <24 g per day) is shown for the first time. This is in line with our results. However, diabetes was associated with an independent protective predictor of prostate cancer (OR = 0.58, 95% CI 0.43 to 0.79). In our study, diabetes was associated with lower PCa risk only in those people who either did not take any treatment or had oral antidiabetic treatment. Diabetics treated with insulin did not reach statistical significance. Type 2 diabetes mellitus (T2DM) has consistently been associated with decreased risk of prostate cancer 47 . It was suggested that the decrease in risk is related to the use of anti-diabetic drugs 48 . The most commonly prescribed anti-diabetic drugs, the metformin has been recently investigated with inconsistent results; some studies have found a decreased risk of prostate cancer among metformin users 49, 50 , while others have found no association 51, 52 . This study has some limitations. Firstly, our model on environmental factors has been developed in a retrospective case-control study, and was based on self-reported data. Therefore, measurement error and recall bias may have led to an underestimation of its predictive accuracy. Secondly, some differences in characteristics among cases and controls (namely, age, socio-economic level, BMI) suggest a possible selection bias, which could have been introduced via differential sample fraction. In order to reduce it, we adjusted all our analyses for a propensity score including those differential variables. Thirdly, as the cases were matched by age with controls, age cannot be included in the risk model, which could be desirable in a model like this. Finally, our study requires validation, as we developed our scores in a case-control study, without testing them in an independent sample.
In conclusion, we have evaluated the accuracy of a PCa predictive model that could be useful to stratify the population into risk categories and detection of PCa. In our model, genetic factors contribute more to PCa risk than modifiable risk factors, although further studies are needed to determine the generalizability, usefulness, and cost-effectiveness of the implementation of a genetic score as a pre-screening test for PCa. However, it should be noted that the cost of genotyping is decreasing, their determination has to be done only once in a life, and the data is likely to be useful for predicting the risk of different diseases not just cancer. Moreover, awareness of personal risk of PCa could trigger healthy changes in lifestyle of people at higher risk and therefore reduce the incidence of this tumor. , where ERS is the points in the environmental score (average 0.94 in the population), FH is the presence of family history of prostate cancer (0 = no, 1 = yes) and GRS is the points in the genetic score (average 6.98 in the population).
